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Thermal  decomposition  of  urea,  and aqueous  urea  solutions,  in  the  presence  of 18  wt % nickel  on  alumina
was  studied  by thermogravimetric  analysis.  A  range  of evolved  gas  species  (a  wider  range  than  reported
previously)  were  monitored  by mass  spectroscopy,  with  the  evolved  gases  also  analysed  using  FTIR.
Results  supported  previous  evidence  of major  urea  decomposition  starting  ca. 133 ◦C, though  a  previouslyvailable online 10 May 2013
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unreported  two stage  evolution  was  detected  by MS  in the  ﬁrst  episode.  For  aqueous  urea  solutions,  at
temperatures  from  80 ◦C, evolution  of nitrogen  was observed,  along  with  a simultaneous  release  of  some
NH3 and  what  was  considered  to  be H2 (by the  detection  of  a m/z  =  2 ion).  Activity of nickel alumina
catalyst for H2 steam  reforming  could  not  be  discerned  by this  method,  though  its  inﬂuence was  apparent
by  differing  evolution  proﬁles  of HCN, and  NH3 in  comparison  to  uncatalysed  samples.
 201imultaneous thermal analysis ©
. Introduction
The ﬁrst experiments on urea thermal decomposition were
eported by F. Wohler in 1874, but much uncertainty as to the
etailed mechanisms of the process still remain [1,2]. Publications
ontinue to appear in current scientiﬁc journals from a range of
isciplines, as evidence of both the interest that this persisting
uestion still holds and its relevance to a variety of academic and
ndustrial disciplines.
Urea is now widely used in a great variety of applications, being
ttractive because of its abundance in nature, its stability at room
emperature, its ease of storage, and its low toxicity in compari-
on with alternative substances [3]. Many of urea’s properties that
re utilised commercially are attributed to its presence in aque-
us solution. It has a softening effect on water, which has been
ttributed to the hydrogen bonds in urea being weaker than the
ydrogen bonds between water creating a tendency for urea to
ggregate in solution [4].In the last couple of decades, urea thermal decomposition
as been studied for the selective catalytic reduction of NOx
ombustion gases [5]. More recently, this subject has taken on
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greater signiﬁcance due to urea being suggested as a highly attrac-
tive hydrogen/energy vector [6–8]. One approach, using a heated
ﬁxed bed ﬂow reactor, used a nickel-alumina catalyst to produce
hydrogen by urea steam reforming from a range of urea-water solu-
tions [8]. Characterisation tests on this catalyst identiﬁed that no
carbon formation was  apparent, even at low operating temper-
atures over repeat regeneration cycles, a phenomenon that had
not previously been seen with similar experiments using other
fuels [8].
Elucidation of the mechanisms involved in hydrogen production
from urea thermal decomposition has therefore now added impor-
tance. Yet prior publications are too limited, due to a common focus
on NH3-producing reaction mechanisms and a narrow range of
gaseous product analyses. Also, in view of the successful urea steam
reforming experiments, there is an absence of experimentation
involving catalyst. Previous studies using Simultaneous Thermal
Analysis (STA) had monitored evolved gases by FTIR [9–11] and MS
[12] to elucidate thermolysis, but for anhydrous (pure) urea only.
Also for dry (non-aqueous) urea, a comprehensive report provided
by Schaber et al. [9] used batch heating in an open reaction vessel.
Both evolved gases and residue were analysed using thermogravi-
metric analysis (TGA), high performance liquid chromatography
(HPLC), Fourier transform infra-red (FTIR) and ammonium ion-
selective electrode. The authors summarise their overall ﬁndings
with the caveat:
Open access under CC BY-NC-ND license.“the intricate and undoubtedly complex kinetics associated with
[urea thermolysis] largely remain a mystery and a challenge to inves-
tigators”
 license.
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evolved gases. The analyser was  calibrated immediately prior to
experimentation and a buoyancy baseline calibration also com-
pleted.
Table 1
Urea reagent composition used in experimentation.
Product speciﬁcation Composition (wt  %)
Urea >99.5%
Insoluble (5 M aq. sol) <0.005%
Cadmium <0.5 ppm
Cobalt <0.5 ppm
Copper <0.2 ppm0 J.M. Jones, A.N. Rollinson / The
It is generally accepted that urea thermal decomposition com-
ences at ca. 133 ◦C [9,10,12], and though melting is commonly
eported to occur ﬁrst, the exact nature of the physical state of urea
t this point is unclear [13]. In the absence of water, with continued
ncreasing temperature, residual species (mainly HNCO and urea)
nteract within this melt to form polymers, the ﬁrst of those being
iuret which is seen to occur in the temperature range between 135
nd 220 ◦C [9,10,14]. With further temperature increases triuret,
yanuric acid (at low temperature), and ammelide, ammeline, and
elamine (at higher temperature) appear [9]. Ammonium cyanate
s also seen to form as a sublimate from the melt [9,14]. Urea decom-
osition is complete at ca. 500 ◦C [9].
Of perhaps greater relevance for hydrogen production are the
tudies on aqueous urea thermolysis. Lundström et al. [15] analysed
he thermal decomposition of aqueous urea solution using DSC and
TIR. Only one type of mixture was used however; that being a
2.5 wt% urea in de-ionised water – sold commercially as Adblue
or selective catalytic reduction. Only the gaseous products NH3
nd HNCO were measured.
According to Koebel and Strutz [16], aqueous urea solution ther-
olysis progresses ﬁrstly via water evaporation:
NH2)2CO(aq) → (NH2)2CO(s) + xH2O (R1)
then via urea decomposition giving equimolar products of NH3
nd HNCO:
NH2)2CO(s) → NH3(g) + HNCO(g) (R2)
In water-rich solutions, further reactions then involve the cre-
tion of a second mole of NH3 via reaction (R3) as the isocyanic acid
nteracts with steam that has not yet evolved and/or it encounters
oming through the feed ﬂow:
NCO + H2O → NH3 + CO2 (R3)
It has been shown that (R3) proceeds quickly with temperatures
bove 400 ◦C [17], and rapidly in the presence of metal oxides, with
lumina identiﬁed as one of the most favourable [18]. Kleemann
t al., experimenting in a temperature range up to 500 ◦C, calculated
n apparent Ea value for (R3) of ca. 13 kJ mol−1 suggesting that it
as limited by mass transfer control [18].
Aqueous urea thermolysis ﬂow reactor experiments have been
tudied using a weak urea aqueous solution (1.0 M)  in a 93% N2 ﬂow
t atmospheric pressure up to 450 ◦C [17]. This study reported com-
lete decomposition of urea into NH3 and HNCO above 350 ◦C for
esidence times longer than 0.1 s. It also conﬁrmed that higher urea-
erived product molecules were negligible, corroborating previous
ork reported by Krocher and Elsener [19].
The higher molecular compounds that form in pure urea ther-
olysis due to the retention of HNCO can also form in aqueous
rea solutions. As water evolves ﬁrst at 100 ◦C, urea-rich conditions
ave a propensity to occur. These polymers are easily suppressed
owever by designing for rapid sample heating and short residence
imes [19], as would occur in a ﬂow reactor.
Since these aforementioned thermal decomposition studies
xclude analysis of hydrogen release, have a limited range of
pecies detection particularly with aqueous urea solutions, and
mit any consideration of heterogeneous catalysis, they fail to
ccount for the global urea reforming reaction identiﬁed in recent
ork [6,8]:
NH2)2CO(g) + H2O(g) → CO2(g) + N2(g) + 3H2(g) (R4)
Consequently, a broader study is required. With this objective,
his paper reports experimental work that aimed to explore urea
hermal decomposition by analysing a greater range of evolved gas
pecies using both dry urea and urea solutions, with both heated in
he presence of catalyst for the ﬁrst time.imica Acta 565 (2013) 39– 45
2. Experimental method
2.1. Materials selection and preparation
Four samples were selected for experimentation:
1. Urea (dry, as-supplied)
2. De-ionised water and urea (in a mixture ratio of S:C = 7 – where
S:C is the molar ratio of water to urea from the common termi-
nology of steam:carbon).
3. Urea and catalyst
4. Catalyst, plus de-ionised water and urea (in mixture ratio of
S:C = 7)
Urea was  in dry crystalline form and obtained from Fisher Scien-
tiﬁc (Table 1). This was the highest grade purity available. Urea was
stored in an airtight container protected from moisture ingress.
Urea solutions were prepared by dissolving a known mass
of urea in room temperature de-ionised water (obtained using
an Elgastat water puriﬁcation system) immediately prior to the
experiments. Urea isomerisation to ammonium and cyanate ions
increases with residence time in solution, however, preliminary
experiments (see [20]) had conﬁrmed that cyanate concentration
was negligible at <0.5 ppm up to 1 h after solvation.
Where catalyst was included in the sample, this was proprietary
18 wt % nickel supported on alumina. The catalyst had been subject
to a chemical reduction experiment prior to analysis and had then
been crushed to a ﬁne powder. This is described fully, along with
the sample’s provenance, preparation and mode of storage in [8].
Samples were weighed on an electronic top pan balance accurate
to ±0.005 mg.
The samples contained a mass of urea in the range
10.07 ≤ mg  ≤ 33.49. The dry urea and nickel sample (sample 3) was
prepared by mixing an identical weight of each reagent and then
taking the ﬁnal sample from this on the assumption that it repre-
sented a 50:50 mix. For the urea solution with nickel (sample 4),
catalyst was  added to the crucible and then drops of urea solution
were administered using a pipette.
2.2. Experimentation
A Netzsch 449C Jupiter thermo-microbalance was used. This
contained an alumina crucible into which the samples were placed.
The crucible was subjected to preliminary pre-heating at 1050 ◦C
then allowed to cool prior to insertion of samples.
The thermo-microbalance was coupled (by a transfer line heated
to 250 ◦C) to a Netzsch TA Quadruple Mass Spectrometer (QMS)
403C Aëolos for simultaneous detection and quantiﬁcation of theIron <0.2 ppm
Lead <0.5 ppm
Magnesium <0.2 ppm
Potassium <5 ppm
Total chloride <5 ppm
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Table 2
Mass/charge values programmed for detection in QMS. Values obtained from [21]
unless otherwise stated.
Parent species m/z Fragment ion m/z Abundance
(Intensity relative
to parent species)
H2 2 n/a n/a n/a
C 12 n/a n/a n/a
CH4 16 100%
CH3+ 15 90%
CH2+ 14 21%
CH 13 13%
C+ 12 5%
NH3 17 100%
NH+ 16 80%
NH2+ 15 8%
N22+, N+ 14 2%
H2O 18 100%
OH+ 17 20%
N2 28 100%
N22+, N+ 14 17%
CO 28 100%
C+ 12 5%
HNCO
[22,23]
43 100%
NCO+ 42 22%
HCO+ 29 14%
NH+ 15 7%
CO+ 28 7%
NO+ 30 2%
HCN+ 27 2%
CN+ 26 2%
CO2 44 100%
CO+ 28 10%
O+ 16 10%
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Urea 60 n/k n/a n/k
Once the crucible and sample were in situ, the system, at
0 ◦C, was evacuated by reducing internal pressure from 1.0 atm
o −1.0 atm three times, and then purging with 80 ml  min−1 pure
elium ﬂow for at least 30 min. For samples containing water,
he evacuation and de-pressurisation steps were omitted and the
elium ﬂow purge was maintained for 90 min  to compensate.
The helium ﬂow was  maintained and the pressure set to 1.0 atm
or the duration of the analyses. Helium was used instead of N2 to
nable the identiﬁcation of any product N2 evolved. The sample
as then heated at a rate of 5 ◦C min−1 from 30 ◦C to 700 ◦C and
he results of mass loss logged on a personal computer. A range
f m/z  values (see Table 2), compiled from literature and including
peculative species was  programmed into the QMS  for detection.
his included all parent ions, plus fragment ions with an inten-
ity ≥2% of the parent. Evolved gases were scanned approximately
very 15 s and all (m/z) values were monitored simultaneously,
ith dwell times of 0.5 s for each. Recorded data was  saved on a
ersonal computer using Aëolos software.
The experiments were repeated for each sample under identical
GA operating conditions but this time with a gas splitter installed
rior to the QMS and a transfer line connected to divert evolved
ases into an FTIR analyser. The FTIR transfer line was heated to
50 ◦C. A laser controlled Nicolet AVATAR 370 DTGS FTIR was used,
ith the results processed by OMNIC software. This analyser had
 detection cell volume of 400 ml.  Residence time of gases in the
ransfer line was considered to be less than one second.. Results and discussion
Fig. 1 shows the TGA curve of mass loss for urea as a func-
ion of temperature. Superimposed on this are the results of DTA,Fig. 1. TGA, DTA, and DTG curves for urea as a function of temperature under a He
ﬂow of 80 cm3 min−1, at a heating rate of 5 ◦C min−1.
which shows the difference in temperature between the sample
and an inert reference, and Derivative Thermogravimetry (DTG)
which shows the rate of mass change. Two heat absorption peaks
during the ﬁrst stage of mass loss are apparent from the DTA and
evidence the endothermic events: ﬁrst urea melting at 133 ◦C (evi-
dent as melting rather than decomposition from the DTG curve
by the absence of any detected mass loss) and second the urea
decomposition reaction (R2) up to 215 ◦C.
EGA detected an increase in ion intensity for all species
measured except ion m/z = 60 These species were not detected
throughout the full temperature programme in any of the sam-
ples tested therefore they have been omitted from all graphs that
show Multiple Ion Detection (MID). Since there is no ambiguity in
the detection of urea at m/z = 60, the analysis evidences that it did
not evolve at all. In all MID  graphs, the ion intensity curves have
been corrected to a zero baseline.
The dry urea sample thermolysis MID  plot (Fig. 2) shows ion
intensity peak maxima coincident with the DTG minimum for
stage one mass loss. Upon closer examination, this region can be
seen to result from two separate episodes of species evolution, a
feature not seen in the previous urea MS  study by Carp [12]. Carp’s
study did not analyse for the ions that permit this identiﬁcation.
The earlier ion intensity maxima region occurs at ca. 185 ◦C and
coincides with the onset of endothermicity seen on the DTA curve
(Fig. 1). At this lower temperature, m/z  = 16 and 17 had major ion
intensity peaks. These were identiﬁed as being from NH3 by FTIR
[21,24] with the MS  m/z = 16 intensity peak originating from the
80% abundance fragment ion NH2+ (see Table 2) and, therefore
conﬁrming the proposal of Carp [12]. The MID  curves of dry urea
thermolysis shown in Fig. 2 also reveal the three most abundant
m/z numbers that originate from HNCO (m/z  = 43, 42, and 29 – see
Table 2) peaking at this earlier episode of stage one mass loss and
following similar trends with respect to temperature; thus ﬁrmly
evidencing the detection of HNCO. This initial thermal decom-
position of urea via reaction mechanism (R2) is as suggested by
some previous authors. HNCO was not however seen in the spectra
from FTIR at all in the temperature range T ≤ 180 ◦C, corroborating
the results of the study by Schaber et al. [9]. HNCO has uniquely
strong peaks in the 2250–2300 cm−1 and 3500–3530 cm−1 regions
◦[23,25], which, as can be seen in Fig. 3a at T = 170 C are clearly
absent. Relatively smaller peaks, attributable to CO2 (doublets in
the region 2350–2361 cm−1) [21] were however detected by FTIR
and are also shown by Fig. 3a. This may  indicate a detection of
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Sig. 2. Selected MS  multiple ion detection curves for pure urea thermolysis EGA.
ackground air contamination, or that some HNCO was produced,
ut rapidly hydrolysed according to (R3) as predicted by kinetic
tudies [17,18,26]. This latter reaction would necessitate the pres-
nce of water, and this could have originated as a by-product of
mmelide production as previously suggested by Schaber et al. [9].
Evolved gas proﬁles for wavenumbers speciﬁc to HNCO do high-
ight a difference in HNCO detection between dry urea samples and
hose containing urea solution. The urea in solution samples show
ig. 3. (a) FTIR transmittance spectrum from STA of pure (anhydrous) urea sample at T = 1
rom  STA of S:C = 7 aqueous urea sample at T = 105 ◦C.
pectral peaks identiﬁed from [21].imica Acta 565 (2013) 39– 45
little or no HNCO released until ca. T ≥ 330 ◦C, whereas the dry urea
samples show some HNCO released in the temperature region ca.
100 ◦C earlier. This can be attributed to the occurrence of HNCO
hydrolysis (R3), promoted by the presence of water in the urea
solution samples.
The occurrence of partial and preliminary thermal decomposi-
tion to ammonium cyanate appears evident by the peak in intensity
m/z = 42 (NCO+), but is refuted by FTIR due to an absence of its
unique spectral peak in the region 2180 cm−1 [27] (see Fig. 3a). FTIR
also conﬁrmed the absence of CO and CH4, resolving the ambiguity
over assignation of numbers m/z = 28 and m/z = 16.
With increasing temperature, the species observed by MS  and
attributed to HNCO then decline in intensity, with ion intensities
related to ammonia, m/z = 17 (NH3+) and m/z  = 16 (NH2+) con-
tinuing to increase, both reaching maxima at 228 ◦C. This tends
to accord with the reaction mechanisms proposed by previous
authors where, at T > 185 ◦C, it is suggested that further evolution
from secondary decomposition polymer products occur [9]. Note
the small step change in ion intensity for species m/z  = 15, 16, 17,
44, and 12 at ca. 220 ◦C representing the region of biuret stability
prior to the onset of its decomposition and further species evolu-
tion thereafter. An increase in intensity for probable fragment ions
from both nitrogen (m/z = 28 and 14) and carbon (m/z  = 12) at these
temperatures support this.
One interesting observation from this EGA experiment with
pure urea was  the relatively prominent peak for m/z  = 15 (NH+),
having a maximum at 220 ◦C. In Carp’s study, though it was  one of
the species monitored, it had negligible ion intensity variation from
its baseline throughout [12]. A reason for this discrepancy cannot be
explained other than it being due to differences in instrumentation
and/or methodology.
The relevance of anhydrous urea sample decomposition (par-
ticularly at T ≥ 185 ◦C) to the context of ﬂow reactor urea steamabsence of water from this TGA experiment precludes the full reali-
sation of the urea steam reforming reaction (R4) and also isocyanic
acid hydrolysis (R3). Consequently in a urea-fed ﬂow reactor (and
70 ◦C. Spectral peaks identiﬁed from [21] and [24]; (b) FTIR transmittance spectrum
J.M. Jones, A.N. Rollinson / Thermochimica Acta 565 (2013) 39– 45 43
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Fig. 5. (a) Urea in de-ionised water at S:C = 7 MS full detection range ion intensityig. 4. TGA, DTA, and DTG curves for S:C = 7 urea solution as a function of tempera-
ure  under a He ﬂow of 80 cm3 min−1 and a heating rate of 5 ◦C min−1.
articularly one containing a metal oxide catalyst) any HNCO is
nticipated to rapidly hydrolyse as reported previously by Yim et al.
17] and Kleeman et al. [18], rather than remain to form a melt, to
hich this second TGA mass loss stage is attributed. Furthermore,
nd in general to all samples analysed in this series of characterisa-
ion experiments, the gradual heating rate of this methodology is
ot directly comparable with the more rapid temperature exposure
hat the reagents would encounter in a ﬂow reactor. The remain-
er of this section will focus on the novel approach of analysing the
bserved effects of incorporating water and nickel catalyst into the
hermolysis samples.
TGA/DTA/DTG curves for urea solution thermolysis revealed a
ronounced peak in mass loss and temperature differential due
o endothermic water vaporisation prior to urea decomposition
Fig. 4). With the water component evolved, all curves thereafter
xhibit apparently identical features to those of pure urea thermal
ecomposition. EGA results however indicated the occurrence of
ifferent reaction mechanisms when water was included.
As expected, the MID  curves for S:C = 7 urea in de-ionised water
Fig. 5) revealed water evolution by a broad peak of m/z = 18, coinci-
ent with the DTA, and TGA curves ca. 105 ◦C. The evolution of water
as also detected by FTIR at this temperature region (see Fig. 3b).
n increase in ion intensity for m/z = 17 at this same temperature is
ikely due to the water fragment ion OH+, previously shown to occur
t 20% relative abundance to the parent species [28]. The increase
n ion intensity for m/z = 16 at this early temperature, could also
e attributed to fragmentation from water vapour as previous MS
tudies have identiﬁed it as present though with very low relative
bundance of ca. 1% [20,28]. There are complications to this simple
odel of pure water vapour evolution however, as the MS  results
uggested that other species were apparently released at the same
emperature. This is in contrast to the pure urea sample thermo-
ysis. Fig. 5b shows increases in ion intensity for m/z = 28, m/z = 14,
nd m/z  = 2 as having occurred simultaneously with water vapour
rom ca. 80 ◦C and peaking (again coincident with water vapour) at
a. 105 ◦C. The m/z = 28 and m/z  = 14 detections are obviously unre-
ated to the H2O molecule; and no fragmentation of m/z = 2 has been
reviously reported to occur from water vapour MS [28]. The pres-
nce of H2 (probable source of m/z = 2) and N2 (probable source of
/z = 28 and 14), cannot be revealed by the FTIR technique due tohese species being non-IR active.
The most likely explanation for the appearance of these unex-
ected mass/charge numbers is that some air was dissolved in thecurves. (b) Urea in de-ionised water at S:C = 7 MS multiple ion detection (low and
medium intensity detection) curves.
sample’s water component (the source of the m/z  = 28 and m/z  = 14
ion detection being N2), however this would be unlikely to account
for the increase in m/z = 2 intensity. If this were not the cause,
then the alternative would be that some NH3 or NH4 (producing
m/z = 18, 17 and 16) and H2 (m/z = 2) was actually released with
the water. This alternative conjecture is weakened by the FTIR
results which show an absence of absorbance peaks correspond-
ing to the molecular vibrations from NH3 as seen by comparison
of Fig. 3a and b. Common N H stretching and deformation vibra-
tions occur for ammonia in the wavenumber 1600–1650 cm−1 and
3200–3500 cm−1 regions respectively [24], and though these could
be masked by the H2O spectra also having transmittance in these
regions (very broad peaks at 3656 cm−1, 3755 cm−1, and 1595 cm−1
[20]), the unique ammonia peaks in the ﬁngerprint region between
800 and 1100 cm−1 [20] are absent from Fig. 3b. Similarly, FTIR
discounts the presence of CO+ as being the source of the m/z = 28
detections, with CO+ having a strong peak doublet in the wavenum-
ber 2100 cm−1 and 2200 cm−1 region, which again is clearly absent.
A literature search to identify whether helium produces a fragment
ion of m/z = 2 using quadruple mass spectrometry reveals that it
does not [29]. A reference experiment with moist alumina did not
produce useful results since the data was very noisy for m/z = 2 (the
signal was  close to the detection limit) and so inconclusive. Elu-
cidation of this phenomenon to determine possible release of H2
from urea-water solutions at these low temperatures is considered
44 J.M. Jones, A.N. Rollinson / Thermochimica Acta 565 (2013) 39– 45
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cFig. 6. Urea and reduced nickel catalyst MS  multiple ion detection curves.
f relevance for future study as it may  reveal a mechanism that can
e utilised beneﬁcially for low temperature H2 production.
As temperature increased further, and with water now mostly
volved, peaks for m/z = 17 and m/z = 16 were seen to occur in the
atio 1:0.8 as predicted for deﬁnite identiﬁcation of NH3. Addi-
ionally, m/z = 44 (CO2), m/z  = 15 (NH), and m/z = 14 (N22+ or N+)
ccurred with maxima at 238 ◦C (±1 ◦C) corresponding to ions
etected from gases evolved during thermolysis of the dry urea
ample.
A signiﬁcant difference with the HNCO ion intensities for dry
rea and aqueous urea was detected. The HNCO (m/z = 43) peak
oublet previously seen with the dry urea sample (at 185 ◦C and
hen ca. 240 ◦C) was absent in the aqueous urea EGA results, with
ow only one low intensity maximum for m/z = 43 coinciding with
axima for m/z = 17 (NH3+), m/z = 16, and m/z  = 44 (CO2+) at 238 ◦C
±1 ◦C). To quantify this, in comparison with the dry urea EGA
xperiment, the peak height ratios of NH3:HNCO were 57:1 for dry
rea and 1567:1 for urea solution; and for CO2:HNCO these were
4:1 for dry urea and 153:1 for urea solution for this ﬁrst stage of
rea decomposition. This signiﬁcant difference can be explained
y the prevalence of the HNCO hydrolysis reaction (R3) as pre-
icted because water was present in the sample. These results show
ow water can signiﬁcantly reduce the concentration of any HNCO
mitted from urea decomposition.
The nickel catalyst and S:C = 7 urea solution sample TGA (not
hown) revealed, as expected, initial mass loss and endothermicity
ssociated with water evolution as per Fig. 4. With increasing tem-
erature, TGA, DTA, and DTG curves were indistinguishable from
ig. 4.
The MID  m/z = 43 (HNCO+) peak at ca. 185 ◦C appeared again
n the absence of water when the experiment was repeated with
ry urea mixed with nickel catalyst (Fig. 6), but did not when urea
as mixed with water (Fig. 7). Similarly, the urea solution sample
ith catalyst was seen to exhibit the same phenomenon of evolving
/z  = 16 and 17 (water fragmentation or ammonia) plus m/z = 28
N2+), m/z  = 14 (N22+, N+), and m/z  = 2 (H2+) along with water at
0 ◦C ≤ T ≤ 150 ◦C.Both dry urea samples exhibited, via EGA, a release of N2 at
10 ◦C which was completely absent when water was  included. This
ould be explained by the source of the N2 being HNCO, a speciesFig. 7. Urea in de-ionised water at S:C = 7 plus reduced nickel catalyst MS selected
multiple ion detection curves.
greatly reduced in quantity because of the hydrolysis reaction (R3)
having occurred at lower temperatures.
There were few other observable differences between the EGA
multi-ion detection plots for samples with and without catalyst at
temperatures below 500 ◦C. This is not surprising considering that
this catalyst has been shown to be relatively inactive at temper-
atures T ≤ 500 ◦C [8,30]. At temperatures greater than this, in the
region of proven catalyst activity, the difﬁculty however of draw-
ing parallels between the conditions of this TGA and those of steam
reforming are perhaps too great to be of any signiﬁcance. Prior to
500 ◦C all water had evolved, and only a ≤0.5% residue (derived
from urea decomposition products and therefore having a com-
pletely different chemical structure) remained. Steam reforming
conditions do not pertain, and therefore the methodology here is
considered limited in terms of assessing the inﬂuence of nickel
catalyst on urea thermolysis in a ﬂow reactor with excess steam.
Consequently it is not possible to observe the inﬂuence of the pre-
dicted global urea steam reforming reaction (R4). Some interesting
results at higher temperatures were observed however, and con-
jectures as to their origins in the context of applicability to urea
steam reforming can be made.
Of interest is the m/z = 27 (HCN+) ion intensity curve, which at
higher temperature showed marked differences due to the inclu-
sion of catalyst in the sample. Both with and without water in the
sample, m/z = 27 exhibited an ion intensity peak at higher ca. 600 ◦C
temperatures without catalyst, but had no peak in this tempera-
ture region with catalyst in the sample. The precise cause of this is
unknown other than it being evidential of catalytic activity enabling
a reaction that releases its source molecule at a lower temperature.
That this species contains hydrogen reveals indirectly evidence of
catalyst activity on urea decomposition and hydrogen release.
Comparable with all sample MS  results, the FTIR results revealed
that above ca. 350 ◦C transmittance peaks attributed to NH3 dimin-
ished to the state of levelling slightly above baseline thereafter (not
shown). This was  not identiﬁed as being a symptom of the cata-
lyst’s ability to “crack” NH3 due to comparable results found with
the non-catalyst samples and the likelihood of there being little NH3
available due to its prior evolution. It is considered that the method
does not permit an adequate assessment of the catalyst’s ability to
rmoch
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roduce hydrogen from NH3, though an indication that this reac-
ion did occur can be inferred by the small increase in m/z  = 2 (H2+)
vident at T ≥ 500 ◦C in Fig. 7.
. Conclusions
Evolved gas analyses by mass spectroscopy and FTIR were used
n combination with thermogravimetric analyses (TGA, DTG, and
TA) of pure urea, aqueous urea (S:C = 7) solution and urea with
ickel catalyst samples. This was to expand on presently available
iterature in an attempt to further understand the nature of the
queous urea fuel as it approaches and enters the catalyst bed in a
rea steam reforming ﬂow reactor as used and described in previ-
us work [8]. A greater range of species was monitored by MS  than
ad previously been published.
Results of EGA supported previous literature reports that urea
ecomposition starts ca. 133 ◦C, though a previously unreported
wo stage evolution was detected by MS  in the ﬁrst episode of mass
oss up to ca. 235 ◦C. HNCO was not detected in this ﬁrst stage of
ass loss by FTIR, though was inferred as present at higher tem-
eratures by increases in ion intensity of m/z = 43 with MS  results.
H3 was found to predominate in ﬁrst stage urea decomposition for
ll samples, evident with results from both MS  and FTIR. With the
amples that contained water, HNCO concentration was  drastically
educed due to the availability of water and the consequent occur-
ence of HNCO hydrolysis. This was quantiﬁed by peak height ratios
or NH3:HNCO of 57:1 for dry urea and 1567:1 for urea solution.
hese results validate the exclusion of HNCO from experimental
team reforming material balances.
An unexpected detection of additional evolved species was
bserved by MS  to accompany water evolution at temperatures
rom 80 ◦C. This was prior to the temperature necessary for decom-
osition of urea when dry urea alone was heated. The presence
f species with mass/charge values of m/z  = 28, and 14 could be
ttributed to dissolved N2 (from air) in the water vapour, how-
ver this would not account for the appearance of m/z = 2 (H2). An
lternative explanation is that when water and urea were com-
ined, there occurred a simultaneous release at low temperature
f some NH3 and H2. Identiﬁcation of NH3, H2, and N2 could not
e discerned from FTIR analyses, though CO could be discounted
ith certainty. The low temperature release of H2 from urea-water
olutions, if feasible, would have major beneﬁcial applications in
nergy technology systems, so the phenomenon constitutes an area
or investigation.
The catalyst used in this series of experiments had been shown
n steam reforming to be effective only at temperatures ≥500 ◦C
8,30]. Therefore, the comparability of this methodology to ﬂow
eactor steam reforming and as a means of elucidating the nature
f the global urea reforming reaction was found to be limited by
ost of the urea decomposition having occurred prior to the cata-
yst’s active temperature range. Catalyst activity could be inferred
y its effect on species such HCN+, and NH3+ seen throughout the
emperature proﬁles in comparison with non-catalyst samples.eferences
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